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Abstract 
We investigate initially the influence of thermomechanical and momentum exchange noise 
on the limit to mass sensitivity ∆m of nanoresonators with random rough surfaces, which 
are characterized by the roughness amplitude w, the correlation length ξ, and the roughness 
exponent 0<H<1. In fact, ∆m increases with increasing roughness (decreasing H and/or 
increasing ratio w/ξ) if the quality factor associated with thermomechanical noise is larger 
than that due to momentum exchange noise. Finally, the influence of adsorption-desorption 
noise, which is also influenced by the surface morphology, is shown to play minimal role in 
presence of the other two noise sources. 
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Nanoelectromechanical systems (NEMS) are class of devices, which combine the 
advantages of mechanical systems, e.g., applicability as sensor systems and robustness to 
electrical shocks, with the speed and large scale integration of silicon electronics [1-5]. 
Moreover, nanomechanical structures provide extremely high resonance frequencies, 
minuscule active masses and very small force constants. An additional important attribute is 
their relatively high quality factors Q (∼103-106) [3-5]. These functionalities translate into 
diverse possibilities for high mass sensitivity at high resonance frequencies. In general the 
operation of resonant mass sensors is based on relating a frequency shift that is proportional 
to the inertial mass of deposited molecules.  
 The resonator sensitivity is determined by the effective vibratory mass of the 
resonator (which is determined by geometry, configuration and material properties of the 
resonant structure), and the stability of the device resonance frequency [5]. The frequency 
stability is governed by extrinsic processes (originating from the transducer and readout 
circuitry) [6, 7], and intrinsic processes fundamental to the nanomechanical resonator itself 
[3-5, 8]. The enhanced sensitivity that is attainable in NEMS [5, 9], in combination with 
ultrasensitive transduction techniques [3-5, 10], indicates that fundamental fluctuation 
processes are likely to determine their overall sensing performance. 
 Furthermore, studies of SiC/Si NEMS have shown that devices operational in the 
UHF/microwave regime had low surface roughness, while devices with rougher surfaces 
could not be operated higher than the VHF regime [11]. Also studies of Si nanowires have 
shown the quality factor to decrease by an increment of the surface area to volume ratio 
[12]. Recently random surface roughness was shown to affect the quality factor and the 
dynamic range of nanoresonators [13]. As an overall outcome we can state that the previous 
studies showed that surface effects play a dominant role in NEMS. These considerations 
motivate the present work to explore how fluctuation processes impose ultimate limits on 
the sensitivity of nanosize inertial mass sensors by taking into account the morphology of 
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their surfaces in presence of thermomechanical and momentum exchange noise. Indeed, 
both types of noise lead to displacement fluctuations. 
 Thermomechanical noise arises from coupling between a mechanical resonator and 
its dissipative reservoir. This coupling damps the driven motion of the resonator and 
induces spatial fluctuations in the resonator’s position peaking at the mechanical resonance 
frequencies [14, 15]. They could be a dominant source of frequency noise at a given mode 
of vibration, thereby setting the ultimate limits of detection for a dynamic micromechanical 
sensor [14, 16]. Notably, due to its small heat capacity, a nanoresonator can also be subject 
to large temperature fluctuations inducing frequency fluctuations since dimensions and 
material parameters depend on temperature [3, 4]. Furthermore, the resonator can undergo 
gas damping due to impingement and momentum exchange of gas molecules on its surface 
[3-5], as well as mass loading due to molecule adsorption-desorption [3-5, 13]. 
 For thermomechanical noise the spectral density of frequency fluctuations is given 
by [3-5] 5 3 2 22 2 2 10 0( ) ( / )[( ) ( ) / ]in inth o B cS K T E Q Qω ω ω ω ω ωω
−
= − +  with Qin the intrinsic 
quality factor of the resonator, and 2 2o cC effE M uω= < >  is the maximum drive energy 
when the resonator is driven at a constant mean square amplitude <uc> by a voltage-
controlled oscillator [4]. For momentum exchange noise, the noise spectral density is given 
by 5 3 2 22 2 2 10 0( ) ( / )[( ) ( ) / ]gas gasm e o B cS K T E Q Qω ω ω ω ω ωω
−
−
= − +  [3, 6, 11] assuming that 
the resonator operates with quality factor Qgas in the molecular regime. This corresponds to 
molecule mean free path mphL  (=
20.23 /BK T Pd ; for a dilute gas of pressure P assuming 
the molecules as hard spheres with diameter d) [17] larger than the beam width wb (<0.1L 
and L the beam length) or equivalently large Knudsen numbers /n mph bK L w=  >10 [17]. 
Moreover, we have 1/ ( )gas eff B rouoQ M K T m PAω
−
=  with m the molecule mass, Meff the 
effective resonator mass that oscillates, and Arou rough surface area of the resonator [13]. 
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 In presence of both types of noise, the total quality factor Q is given by 
,1/ 1/ 1/in gas rQ Q Q= + , and the corresponding spectral density by 
5 23 2 2 2 2 1
0 0( ) ( / )[( ) ( ) / ]o B cS K T E Q Qω ω ω ω ω ωω
−
= − + . Therefore, the frequency 
fluctuations yield a frequency shift δω and an associated limit to mass sensitivity ∆m [3-5], 
which are given by  
 
( )
o
o
f
f
S d
ω π
ω
ω π
δω ω ω
+ ∆
− ∆
= ∫ ,    and    (2 / )eff om M ω δω∆ ≈                                                           (1) 
 
with ∆f the measurement bandwidth. If we assume for the roughness profile a single valued 
random function h(r) of the in-plane position r=(x,y) and a Gaussian height distribution 
[18], the rough area is given by /rou flatA A =Rrou= ( )20 1 udu u eρ+∞ −+∫  [19] with 
2( )hρ =< < ∇ >  the average local surface slope or 2 2 2 1/ 2
0
( | ( ) | )
cq Q
q h q d qρ
≤ ≤
= < >∫  [20], 
and 2flat bA w L=  the average flat surface area. 
2| h( q )|< >  is the roughness spectrum, and 
oc a/Q π=  with oa  a lower lateral cut-off. In addition, by assuming Q >>1 and 
/ 2o Q fω π>> ∆ , Eq. (1) yields for ∆m  
 
{ }1/ 2, 1 ( / )in in gas f roum m Q Q R∆ = ∆ +                                                                                     (2) 
 
where 1/ 2 1/ 22 ( / ) ( / )in eff th C o inm M E E f Qω∆ ≈ ∆  is the limit to mass sensitivity for flat 
surfaces for only thermomechanical noise [5], and 1, / ( )ω
−
=gas f eff B flatoQ M K T m PA .  
 Our calculations will be performed for random self-affine rough surfaces observed 
in a wide spectrum of surface engineering processes [18]. In this case 2| h( q )|< >  scales as 
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2 -2-2Hh(q) q  < >∝  if q >>1 ξ , and 2h(q) const  < >∝  if q <<1 ξ [18, 20, 21]. This is 
satisfied by the analytic model [21] 2 2 (1 )2 22| ( ) (2 ) /(1 )| Hh q aqwπ ξξ +< >= +  with 
 ])((1/2H)[1 a 2 H2caQ+1-= −ξ  if 0<H<1, and )a1ln(2/1a 22ξcQ+=  if H=0. Small values of H 
(~0) characterize jagged or irregular surfaces; while large values of H (~1) surfaces with 
smooth hills-valleys (see inset in Fig. 1) [17, 20]. In addition, we obtain for the local slope 
the analytic expression 1 2 2 1 H 1/ 2c( w / 2 a ){(1 H ) [(1 aQ ) 1] 2a }ρ ξ ξ− −= − + − −  [19], 
which further facilitates calculations of ∆m. For other roughness models see ref. [21]. 
 Figure 1 shows calculations of ∆m as a function of Qin/Qgas,f  for various roughness 
exponents H. Our calculations were performed for roughness amplitudes observed in real 
nanoresonator systems [11], and oa =0.3 nm. As it is indicated with decreasing quality ratio 
Qin/Qgas,f  (or increasing gas dissipation), the limit to mass sensitivity becomes more 
sensitive to roughness changes at short length scales as the top most curve indicates for 
Qin>Qgas,f. The later is also directly shown in Fig.2 for various lateral correlation lengths ξ 
and roughness amplitudes w. In the opposite limit for Qin<Qgas,f (where the roughness 
influence is weak, by considering the asymptotic expansion 1/ 2(1 ) 1 / 2 ....y y+ ≈ + +  and 
weak local slopes (ρ<<1) so that 21 / 2rouR ρ≅ + , we obtain the analytic form for the mass 
sensitivity { }2, ,1 ( / 2 )+ ( / 4 ) +... in in gas f in gas fm m Q Q Q Q ρ∆ ≈ ∆ + . 
 If we compare Figs. 1 and 2 we can infer that the influence of the roughness 
exponent H plays significant role on the limit to mass sensitivity besides that of the most 
commonly used roughness parameters w and ξ. In order, to gain better insight of its effect, 
we plot in Fig. 3 its direct influence on ∆m plotted for different roughness ratios w/ξ. It is 
shown that at small roughness exponents (H∼0) the influence of the ratio w/ξ is diminished. 
However, its influence is more distinct in the intermediate range of exponents 0.3<H<0.8, 
which is the regime commonly observed in experimental systems [18]. 
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 Finally, we will consider in briefly also the contribution from other noise sources. 
Indeed, the limit to mass sensitivity due to temperature fluctuations Tem Flum −∆  is smaller 
than that of thermomechanical noise and can be neglected. On the other hand, the limit to 
mass sensitivity due to adsorption-desorption noise is influenced by morphology as 
1/ 2
,  { }a d a d flat roum m R− −∆ ≈ ∆  [23], which increases with increasing roughening. ,a d flatm −∆  is 
the mass sensitivity for flat surfaces. Therefore, a dm −∆  can play role for the total mass 
sensitivity if morphology variations are under consideration. If we combine with Eq. (2) the 
total limit to mass sensitivity reads of the form 
{ }1/ 2 1/ 2, , 1 ( / )  { }in in gas f rou a d flat roum m Q Q R m R−∆ = ∆ + + ∆ . Figure 4 shows calculations for 
this case for various ratios , /in a d flatm m −∆ ∆ . It becomes clear that morphology effects from 
adsorption-desorption become significant if and only if , in a d flatm m −∆ ≤ ∆ .  
 In conclusion, we investigated at a first stage the simultaneous influence of 
thermomechanical and momentum exchange noise on the limit to mass sensitivity for 
nanoresonators. With increasing surface roughness, the limit to mass sensitivity increases 
significantly if the quality factor due to gas collisions is comparable or smaller than the 
intrinsic quality factor associated with thermomechanical noise. In addition, the influence of 
the roughness ratio w/ξ on the mass sensitivity becomes more distinct in the intermediate 
range of exponents 0.3<H<0.8 that are commonly observed in experiments. Notably, the 
morphology influence can be further enhanced if also mass loading due to adsorption-
desorption noise plays significant role under specific conditions. In any case, our results 
indicate that the surface morphology could play important role on mass sensing of 
nanoresonators, which can be minimized by fabrication processes yielding smoother 
morphology and/or intrinsic quality factors comparable or larger to that imposed by the 
surrounding gas. 
 7
References 
[1] A.-C. Wong, H. Ding, and C. T.-C. Nguyen, Tech. Dig. Int. Electron Devices Meet. 471 
(1998). 
[2] D. W. Carr, S. Evoy, L. Sekaric, H. G. Craighead, and J. M. Parpia, Appl. Phys. Lett. 
75, 920 (1999). 
[3] A. N. Cleland and M. L. Roukes, Appl. Phys. Lett.  69, 2563 (1999); A. Cleland, 
Foundations of Nanomechanics (Springer, New York, 2003); M. L. Roukes, Phys. World 
14, 25 (2001).  
[4] A. N. Cleland and M. L. Roukes, J. Appl. Phys. 92, 2758 (2002); K. L. Ekinci and M. L. 
Roukes, Rev. Sci. Instruments 76, 061101 (2005); S. S. Verbridge, H. G. Craighead, J. M. 
Parpia 92, 013112 (2008); S. Masmanidis, R. Karabalin, I. Vlaminck, G. Borghs, M. 
Freeman, and M. Roukes, Science 317, 780 (2007). 
[5] K. L. Ekinci, Y. T. Yang and M. L. Roukes, J. Appl. Phys. 95, 2682 (2004) 
[6] W. P. Robins, Phase Noise in Signal Sources (Peter Pelegrinus Ltd., London 1982). 
[7] T. R. Albrecht, P. Grutter, D. Horne, and D. Rugar, J. Appl. Phys. 69, 668 (1991). 
[8] F. L. Walls and J. Vig, IEEE Trans. Ultrason. Ferroelectr. Freq. Control 42, 576 (1995). 
[9] N. V. Lavrik and P. G. Datskos, Appl. Phys. Lett. 82, 2697 (2003) 
[10] K. L. Ekinci, Y. T. Yang, X. M. Huang, and M. L. Roukes, Appl. Phys. Lett. 81, 2253 
(2002); R. G. Knobel and A. N. Cleland, Nature (London) 424, 291 (2003). 
[11] X. M. H. Huang, Ultra high and microwave frequency nanomechanical systems, PhD 
Thesis, California Institute of Technology (Pasadena, California 2004). Fig. 2.9, p. 36.  
[12] D. W. Carr, S. Evoy, L. Sekaric, H. G. Craighead, and J. M. Parpia, Appl. Phys. Lett. 
75, 920 (1999); L. Sekaric, J. M. Parpia, H. G. Craighead, T. Feygelson, B. H. Houston, and 
J. E. Butler, Appl. Phys. Lett. 81, 4455 (2002). 
[13] G. Palasantzas, Appl. Phys. Lett. 90, 041914 (2007); G. Palasantzas, Appl. Phys. Lett. 
91, 021901 (2007); G. Palasantzas, J. Appl. Phys. 102, 076111 (2007). 
 8
[14] T. H. Stievater, W. S. Rabinovich, N. A. Papanicolaou, R. Bass, and J. B. Boos, Appl. 
Phys. Lett. 90, 051114 (2007) 
[15] N. V. Lavrik, M. J. Sepaniak, and P. G. Datskos, Rev. Sci. Instrum. 75, 2229 (2004); T. 
H. Stievater, W. S. Rabinovich, H. S. Newman, R. Mahon, D. McGee, and P. G. Goetz, 
Appl. Phys. Lett. 81, 1779 (2002); R. S. Tucker, D. M. Baney, W. V. Sorin, and C. A. 
Flory, IEEE J. Sel. Top. Quantum Electron. 8, 88 (2002); C. H. Metzger and K. Karrai, 
Nature (London) 43, 1002 (2004). 
[16] E. J. Eklund and A. M. Shkel, J. Micromech. Microeng. 15, 1770 (2005); A. N. 
Cleland, New J. Phys. 7, 1 (2005). 
[17] R. B. Bhiladvala and Z. J. Wang, Phys. Rev. E 69, 036307 (2004).  
[18] P. Meakin Phys. Rep. 235 (1994) 1991; J. Krim and G. Palasantzas, Int. J. of Mod. 
Phys. B 9, 599 (1995); Y. -P. Zhao, G. -C. Wang, and T. -M. Lu, Characterization of 
amorphous and crystalline rough surfaces-principles and applications, (Experimental 
Methods in the Physical Science Vol. 37, Academic Press, New York, 2001). 
[19] B.N.J. Persson, E.J. Tosatti, J. Chem Phys. 115, 5597 (2001).  
[20] G. Palasantzas, Phys. Rev. E 56, 1254 (1997). 
[21] G. Palasantzas, Phys. Rev. B 48, 14472 (1993); 49, 5785 (1994). 
[22] S.K. Sinha, E.B. Sirota, S. Garoff, H.B. Stanley, Phys. Rev. B 38, 2297 (1988); H.N. 
Yang and T.M. Lu, Phys. Rev. B 51, 2479 (1995). 
[23] G. Palasantzas, J. Appl. Phys 101, 076103 (2007) 
 
 9
Figure Captions 
 
Figure 1 inm / m∆ ∆ as a function of Qin/Qgas,f for different roughness exponents H as 
indicated, w=3 nm, and ξ=60 nm. The inset schematic is showing the influence of the 
roughness exponent H for three surfaces with the same w and ξ. 
 
Figure 2 inm / m∆ ∆  as a function of Qin/Qgas,f for different roughness amplitudes w as 
indicated, ξ=60 mm, and H=0.5. The inset shows inm / m∆ ∆ as a function of Qin/Qgas,f for 
different correlation lengths ξ as indicated, H=0.5, and w=3 nm. 
 
Figure 3 inm / m∆ ∆  as a function of H for Qin/Qgas,f =100 for different roughness ratios w/ξ 
as indicated and w=3 nm.  
 
Figure 4 inm / m∆ ∆  as a function of H for Qin/Qgas,f =100 with w/ξ=0.05 and three different 
ratios of , /in a d flatm m −∆ ∆  as indicated with w=3 nm. 
 
 




